Abstract: Based on the principles of fairness and feasibility, a nonlinear optimization allocation method for pollutants was developed based on controlled section water quality standards, considering the synergetic influence of point and surface sources. The maximum allowable emission of pollutants from point and surface sources were taken as the objective function. The water quality attainment rate of controlled sections, the control requirements of pollution sources, and technical parameters of pollution control engineering were taken as constraints. A nonlinear optimization allocation model was established, and a genetic algorithm was used to solve the problem. As an example, the model was applied to a certain area in the Taihu Lake basin, southern Jiangsu province, China. The analysis results showed that the annual number of days for ammonia-nitrogen and total phosphorus meeting the standard were 334 and 332 days, respectively, under maximum allowable emissions for each pollutant, and the water quality compliance rates of the control section were 91.5% and 91%, respectively. The ammonia-nitrogen and total phosphorus concentrations in the controlled section achieved related water quality compliance rate targets of 90%. These all met the water quality compliance rate requirements of the control section. The results indicate that this method reflects the feasibility of optimizing the total allocation results systematically and intuitively, overcomes the insufficiency in the feasibility of the optimized allocation method, and provides effective and reliable technical support for control and management of the total pollutant amount based on water quality improvement.
Introduction
Total pollutant allocation is the process of allocating regional allowable pollutant discharge (water environment capacity) to each point and non-point source in accordance with certain principles. It is the core component in total pollutant volume control technology systems.
As a prerequisite to guide total pollutant allocation, water environment capacity calculation is one of the key techniques. However, most scholars have only conducted quantitative studies on point source pollution. There are relatively few studies on the calculation of pollution loads that include non-point sources, especially in tidal river network areas [1, 2] . Generally, the hydrological situation is very complicated [3] in tidal river network areas, which are characterized by unsteady flow directions and large temporal variabilities of flow rates. Furthermore, even during periods with relatively stable pollution loads, water quality of tidal river networks shows high temporal variability because of the variability in hydrodynamic conditions [4] [5] [6] . Otherwise, with point source compulsive governance, the proportion and contribution of non-point source pollution loads to the total pollution loads in the basin in this region is increasing. For further improvement of water quality in river and lake basins [7, 8] , it is necessary to study the synergistic influence of point and non-point sources on the water environment capacity. Chen et al. [2] put forward one method for calculating water environment capacity based on the water quality in a tidal river network, including both point sources and non-point sources. Zhang [9] accounted for pollution load and water environment capacity on a monthly basis based on non-point source pollution control in the Ashi River basin.
Among the most common methods for pollutant allocation, the proportional distribution method is the most widely used in current total pollutant volume control and management because of its simplicity and high efficiency [10] [11] [12] . However, it has the disadvantages of multiple rows and multiple points. What is worse, the proportional distribution method mainly focuses on the total environment capacity, which limits investigation of different pollutant sources [13] . Otherwise, the analytical hierarchy process [14, 15] and Gini coefficient method [16] both comprehensively consider economy, society, and environmental resources. Index selection is one of the key factors for allocating scientific and feasible aspects of a project; however, it is still difficult to avoid subjectivity in index selection and weight assignment. This makes it cumbersome to allocate pollutants and easy to introduce high uncertainty. To obtain high accuracy, the optimal distribution model method [17] , which can automatically be adjusted by the constraint conditions of the system, generally is used to calculate water environment capacity to optimize the total allocation for a single river [18] [19] [20] [21] [22] . Jing et al. [23] took a linear programing model to optimize the allocation of water environment capacity at each point source. By combining the linear programming equation and response coefficient matrix, Li [24] obtained the water environment capacity and allocation scheme for Liaohe River in the city of Tieling. Deng et al. [25] studied total allocation calculations based on linear programming methods in the Yangtze estuary and adjacent sea, which had good results and improved the efficiency. Even though the linear programming method was proven to be suitable for allocating the water environment capacity of rivers or estuaries, the application of a river network area, especially a tidal river network area, was limited.
Based on regional compulsive administrative requirements (e.g., the water quality standards of the control section and the discharge reduction rate) and pollution treatment technology, this paper established a nonlinear optimal distribution model considering the synergetic influence of point and non-point sources. The distributed non-point source model was introduced to generalize regional non-point source pollutant loads, and a genetic algorithm was applied as an optimal distribution tool for non-linear optimization. Taking one tidal river network area in the Taihu Lake basin of China as an example, total optimal pollutant allocation in a tidal river network area is studied. This optimal allocation model has the potential to overcome insufficient feasibility of the traditional optimized allocation method, and it can provide effective and reliable technical support for control and management of total pollutant loads based on water quality compliance rates.
Methods of Total Pollutant Distribution

Optimization Assignment Model
The maximum allowable emissions of pollutants from point and non-point sources were taken as the objective function. The requirement for the control section to meet the specified water quality objectives (the water quality compliance rate of the control section was 90%), the administrative requirements for pollution sources, and the reduction of technical parameter limits were taken as constraints. A nonlinear optimizing distribution model was then established, considering the coordinated effects of point and non-point sources as follows:
Objective function:
Constraint condition:
where P{} is the probability of the event being established; α f is the water quality requirements; X i is decision variables representing the quantity of the i-th pollution sources discharged into the river; α i is the response coefficient, which indicates the effect of the i-th pollution source on the control section; C s is the water quality control concentration standard value of the constrained control section (mg/L); and C B is the response concentration of upland water of the control section (mg/L). The principles for setting the limits of decision variables were as follows:
(1) The upper limit value of decision variables (X imax ), which was the maximum allowed discharged quantity, was set according to the current emission characteristics of pollution sources, with reference to compulsive administrative requirements set by the local government for pollutant discharge reduction, comprehensively considering local economic, social, and environmental sustainability, and so on. (2) The lower limit value of decision variables (X imin ), which was the maximum cost efficiency and technical feasibility of the discharged quantity, was set according to the current emission characteristics of pollution sources, combined with the existing level of pollution treatment technology and disposal cost control.
Point Source and Non-Point Source Response Coefficients for Contaminant Concentration in the Control Section
The water quality response coefficient reflected the response of a section of specified water area to the pollution load discharged by an upstream pollution source. After the river divided into the water function zone, the factors affecting change of pollutant concentration at a control section included upstream water and the interval sewage outlet. The set of response coefficients of the control section within the study area for each pollution source and upstream water area was called the water quality response coefficient matrix.
Using a non-steady-state river network hydrodynamic and water quality mathematical model [2, 6] , which were based on one-dimensional Saint-Venant equations, the form was as follows:
where C is the average cross-sectional concentration of the pollutant in mg/L; U is the average flow velocity of the section in m/s; A is the area of the section in m 2 ; E x is the longitudinal dispersion coefficient; S is the pollutant discharge per unit time and unit river length in kg/(s·m); K is the pollutant degradation coefficient; x is the space coordinate; and t is the time coordinate. Using the three-stage joint solution method, the time variation process of pollutant concentration in all nodes and sections of the river network can be obtained. The time series of the design of the hydrological conditions (usually the typical dry year) and the pollutant concentration response at the control section of each inflow boundary can be calculated, which are expressed as a column vector:
where T is the vector transposition; N is the length of the time series, for a typical hydrological year it can be set to 365 days; and C B (i) is the concentration response value of all inflow boundary pollutants entering the circulation during the itch period of the control section (unit is mg/L). Among them, the concentration of inflow pollutants is determined according to the water quality management target of the inflow boundary in the controlled area.
In the same way, the time-varying sequence of pollutant concentration response at the control section of the river basin, with a non-point source pollution load into the river, is represented by vectors as:
The time-varying sequence of the pollutant concentration response in sediment during the discharge process of pollutants is represented by a vector:
Point source pollutants have uncertainties because of the location of the vents and their corresponding emissions. In the current situation, there were more discharge ports in the controlled area, which generally referred to the status of the current sewage outlets. Calculation of the current discharge of the ports and current pollution source emissions at the control section was represented by vectors:
Because contaminants migrate and transform in surface water to meet the requirements of diffusion in the convection diffusion equation, they belong to the first-order kinetic system. Therefore, the principle of linear superposition was satisfied. Based on this, the time course of pollutant concentration at the control section can be expressed as a vector:
At the same time, the time-varying sequence of pollutant concentration response at the control section, formed by a certain source intensity value, can be viewed as a linear superposition of the effect of a number of unit source intensity values (i.e., P i = 1). Correspondingly, the following relationship holds:
where {α i } is the time-varying sequence of the pollutant concentration response at the control section formed by P i (unit pollution source). Here, α i was defined as the response factor, acting as the contributing concentration of the unit pollutant in the control section. It represents the response relationship of the water quality in the control section to a certain pollution source. The response coefficient was based on the principle of conservation of mass (Equation (4)) and establishes a quantitative relationship between the water quality of the control section and the pollution source. It was the basis for calculation of water environment capacity and distribution of total pollutants based on water quality in the controlled section.
Solving the Optimization Model Method
Equations (1)- (3) are solutions to the nonlinear constraint problem of the linear objective function, which was solved by the genetic algorithm. The genetic algorithm was first proposed by Prof. Holland [26] . It simulates biological natural selection and genetic processes to select, cross, and mutate populations. Based on the principle of survival of the fittest, in each generation individuals are selected according to the degree of fitness, and evolutionary approximations are generated from generation to generation. After iteration, an optimal solution to the research problem can be obtained. It is an adaptive global optimization search algorithm [27] [28] [29] . The genetic algorithm steps are as follows:
(1) Set operating parameters. The parameters involved in the genetic algorithm included: population size, M; mutation probability, P M ; crossover probability, P C ; and evolution algebra, T. The different values of the parameters will directly affect the performance of the algorithm, so multiple debuggings should be performed, and the best value should be selected after comparison. In this case, the population size was 100, the crossover probability was 0.001, and the evolution algebra was 100. (2) Generate the initial population. Several individuals were randomly selected and judged according to the constraints, and the individuals who met the conditions as a whole constituted the initial population. (3) Fitness and choice. According to the principle of natural selection, individuals with high fitness are inherited to the next generation. The objective function value was generally used as the individual fitness. (4) Crossover. In genetic algorithms, crossover is mainly used to generate new individuals. The object of operation change was the binary code of the decision variable, not the decision variable itself. Firstly, individuals were selected and paired randomly according to a certain method. Then, the location of the intersection and exchange of genes, according to a certain crossover method, are determined to reflect the idea of information exchange. Since the new individual obtained after the intersection was not necessarily a feasible solution, the result was checked by constraint conditions. If the condition remained unsatisfied, the crossover operation was performed again until the constraint condition was satisfied or the number of crossover operations reached the limit value. (5) Mutation. The mutated object was also the binary code of the decision variable. The mutation here only required the individual to reverse the value at the mutation point (0 to 1 and 1 to 0). Variation is the main method of generating new individuals, but new individuals after mutation required testing by constraints. (6) Generate a new generation of populations. From the offspring generated by crossover and mutation, individuals were selected as parents to generate a new population generation. In general, the optimal individuals in each generation were selected to be inherited to the next generation. Therefore, the solution of the model can be obtained by decoding the best individual of the last generation.
Case Study
Research Area
The research area was located in the Xijiu Lake water system of Yixing City, Jiangsu Province, west of Taihu Lake and south of Ge Lake. It is a typical tidal river network belonging to the Nanxi water system of the Taihu Lake basin. The catchment area included many rivers such as Nanxi River, Beixi River, and Youfang River. The upstream flowed through Nanxi river, Beixi River, Youfang River, etc. to flow into Xijiu Lake. Finally, the water flowed into Taihu Lake after going across Dongjiu Lake. The section of Xijiu Bridge was the representative section of the water system for quality assessment of the water system. The water quality target was Class III (ammonia nitrogen, 1 mg/L; total phosphorus, 0.2 mg/L) of surface water according to the water quality standard in China (GB3838-2002). The water system of this study area and pollutant source locations are all shown in Figure 1 . In addition, pollutant source discharge loads are shown in Table 1 . 
Establishing the Hydrodynamic Model of the River Network Considering Rainfall and Runoff
Boundary Conditions
According to the frequency analysis of long series annual rainfall data of the river basin, the year (within the 2000s) that matched a 90% guarantee rate was selected as the typical year for designing dry water. A time course of water level or flow extraction from the hydrodynamic boundary of the Taihu Lake basin was used as a boundary condition, with a total of 13 flow boundaries and 4 water level boundaries. For rainfall runoff flow into rivers, the corresponding relationship between land units and inflow sections was identified according to a spatial location relationship. Then, the production flows of each unit were calculated based on the production coefficient, and the time allocation process of runoff into the river was determined by the time allocation ratio. Thus, temporal and spatial coupling of terrestrial runoff and river network convergence was realized.
Parameter Values and Water Model Validation
The roughness of the river was determined by referencing historical research in the area. 
Establishing the River Network Water Quality Model Based on Time Variation of Non-Point Source Release into Rivers
Boundary Conditions
According to the water quality target corresponding to the upstream functional water zone of the water body adjacent to the inflow boundary, the concentration-time variation process of the inflow section was given, and the second boundary condition was adopted for the outflow boundary.
Point Source and Non-Point Source Generalization
There were a total of 10 point source sewage outlets in the study area. The corresponding relationship between pollution produced by land units and inflowing river reaches was identified. According to the rainfall runoff pollutant concentration change process at the source and the research experiment experience value, determining the time allocation process of land contamination for the river as well as realizing the spatial and temporal dynamic coupling of the land surface source pollution load to the river network pollutant transport can be achieved.
Parameter Value and Model Validation
According to relevant research results in the region, water quality parameters such as the pollutant degradation coefficient and the pollutant dispersion coefficient were determined. In this case, the degradation coefficient for ammonia-nitrogen ranged from 0.06 to 0.09 per day and that for total phosphorus ranged from 0.06 to 0.1 per day. Water quality monitoring data from the Xijiu Bridge section were used to verify results. The comparison results between the calculated water quality and 
Establishing the River Network Water Quality Model Based on Time Variation of Non-Point Source Release into Rivers
Boundary Conditions
Point Source and Non-Point Source Generalization
Parameter Value and Model Validation
According to relevant research results in the region, water quality parameters such as the pollutant degradation coefficient and the pollutant dispersion coefficient were determined. In this case, the degradation coefficient for ammonia-nitrogen ranged from 0.06 to 0.09 per day and that for total phosphorus ranged from 0.06 to 0.1 per day. Water quality monitoring data from the Xijiu Bridge section were used to verify results. The comparison results between the calculated water quality and measured values are shown in Figure 3 . The calculated water quality of the Xijiu Bridge section showed good agreement with the measured values. The average relative error of ammonia-nitrogen was 18. 8% and the average relative error of total phosphorus was 17.8%.
Furthermore, the Nash-Sutcliffe efficiency coefficients for ammonia-nitrogen and total phosphorus were 0.92 and 0.59, respectively, which meant the model had a good quality and high credibility, especially for ammonia-nitrogen (the coefficient was close to 1). Otherwise, the value of percent bias (PBIAS) was 1.39% for ammonia-nitrogen and −15.74% for total phosphorus. These values also showed this model was robust. Comparison between calculated and measured water quality (the upper graph is for ammonia-nitrogen; the lower graph is for total phosphorus).
Constructing an Optimal Allocation Model for Total Pollutants Based on Controlled Section Water Quality Standards, Considering the Synergetic Influence of Point and Non-Point Sources
Objective function: Comparison between calculated and measured water quality (the upper graph is for ammonia-nitrogen; the lower graph is for total phosphorus).
where P{} is the probability of the event being established; α f is the water quality requirements; W NS,i is the i-th unoccupied non-point source of urban and rural life, W Table 2 . 
Total Pollutant Distribution Results
The system-optimized distribution model, considering the synergistic influence of point and non-point sources, and the water quality at the controlled section were used to allocate ammonia-nitrogen and total phosphorus pollutants (that is, the water environmental capacity) in the study area. The distribution results are given in Table 3. For ammonia-nitrogen, the reduction rate of the industrial point source was 48%-52%, the reduction rate of sewage treatment plants was 28%-30%, the reduction rate of non-point source of domestic wastewater was 81%-82%, and the reduction rate of agricultural non-point sources was 26%-68%.
For total phosphorus, the reduction rate of the industrial point source was 47%-51%, the reduction rate of sewage treatment plants was 20%, the reduction rate of non-point source of domestic wastewater was 37%-44%, and the reduction rate of agricultural non-point sources was 21%-59%. 
Feasibility Analysis
The maximum allowable emission of each generalized sewage outlet was inputted into the model, and the water quality compliance rate of the controlled section under the discharge was analyzed to verify the rationality of the optimized allocation of total pollutants in the study area. The results of the model prediction showed that the number of days needed to reach the standard of ammonia-nitrogen and total phosphorus was 334 and 332 days, respectively. The water quality compliance rate in the controlled section was 91.5% and 91% for ammonia-nitrogen and total phosphorus concentration, respectively. Ammonia-nitrogen and total phosphorus concentration in the controlled section, thus, achieved class III water quality targets for approximately 90% of the year (Figure 4) . In summary, it was reasonable and feasible to optimize the allocation of total pollutants in the study area. 
Discussion and Conclusion
This method has potential to be applied to all tidal river network areas and is not limited in our research area. Based on the principles of fairness and feasibility, this paper proposes a non-linear optimization method for allocation of total pollutants based on the water quality of the control section, taking into account the synergistic influence of point and non-point sources. This method takes the maximum allowable emission of pollutants from point and non-point sources as the objective function. In addition, it treats the requirement of the controlled section to meet the specified water quality objectives, the controlled requirements of pollution sources, and the technical parameters of pollution control projects as constraints. It establishes a nonlinear optimal distribution model for the research area in demand, considering the coordinated effects of point and non-point sources and water quality of the controlled section.
Given this method was applied to a certain water system in the southern part of the Taihu Lake basin, China, this paper distributes the total amount of pollutants in the study area to each generalized sewage outlet (including point and non-point sources) and analyzes the feasibility of total allocation. The main conclusions are as follows: 
Discussion and Conclusions
Given this method was applied to a certain water system in the southern part of the Taihu Lake basin, China, this paper distributes the total amount of pollutants in the study area to each generalized sewage outlet (including point and non-point sources) and analyzes the feasibility of total allocation. The main conclusions are as follows:
(1) The analysis results showed that when the maximum allowable emission of each pollutant discharge port was inputted into the model, the annual numbers of days for ammonia-nitrogen and total phosphorus meeting the standard were 334 and 332 days, respectively, and the water quality compliance rates of the control section was 91.5% and 91%, respectively. The ammonia-nitrogen and total phosphorus concentrations in the controlled section achieved class III water quality targets for 90% of the year. These all meet the water quality compliance rate requirements of the control section. (2) The method systematically and intuitively reflects the feasibility of optimizing allocation results of the total amount. It overcomes the shortcomings in the feasibility of optimizing the distribution method, solves the key constraints in its application, and provides effective and reliable technical support for the control and management of regional total pollutants based on water quality improvement. It offers improvement for environment management and protection.
